ABSTRACT: Cytoplasmic inclusions, ranging in slze from 0.3 to 1 pm, were found in circulating erythrocytes of diseased turbot Scophthalmus maxirnus ( L . ) , reared on several farms In Galicia ( N W Spaln). Examination of the erythrocytes with electron microscopy showed virus-like particles within cytoplasnlic membrane-bound vacuoles, at the cell membrane or extracellularly. The particles, oval to spherical in shape, displayed a wide range of sizes, from 50 to 160 nm. Particles appeared to be formed at the cell membrane and were released by budding. In negatively stained preparations surface projections or spikes were recognizable on the external envelope. Virological studies carried out In affected turbot allowed the isolation of an enveloped RNA virus from the internal organs. Healthy turbot were infected intraperitoneally with this viral agent follo\ved by observation of similar erythrocytic inclusions a n d virus-like particles 3 wk after infection. Erythrocytes obtalned from healthy turbot were infected in vitro. Study oi the sequence of morphologic events after virus infection revealed that 5 min after inoculation virus-like particles were observed with~n cytoplasmic vacuoles of erythrocytes. Viruslike particles were adsorbed to the cell surface after 30 min at O°C but not ~nternalized. However, at 4 and at 15°C the particles were endocytosed into small vesicles. After 2 to 3 d at 15OC, some erythrocytes showed irregular morphology and h~g h electron-dense cytoplasmic areas as well as virus-llke particles hving released by budding at the cell membrane. The virus titrations showed that intracellular viral t~tres were almost constant along the experiment. However, extracellular v~r a l titres increased throughout time reaching maximum values at between 36 and 60 h post-infection.
INTRODUCTION
Viral infections of fish erythrocytes are characterized by the presence of small inclusions in the cytoplasm. Three intraerythrocytic viruses have been described. The first virus belongs to the family Iridovindae and includes several probable strains ranging in size from 145 to 360 nm in diameter which caused viral erythrocytic necrosis (VEN) in a high number of marine fish species (Appy et al. 1976 , Evelyn & Traxler 1978 , Reno et al. 1978 , Smail & Egglestone 1980 , Meyers et al. 1986 ). An intraerythrocytic virus of 75 to 100 nm in diameter causes the erythrocytic inclusion body syndrome (EIBS) in salmonids (Leek 1987 , Piacentini et al. 1989 , Lunder et al. 1990 , Foot et al. 1992 , Takahashi et al. 1992 and is included in the family Togaviridae (Arakawa et al. 1989) . A third uncharacterized intraerythrocytic virus of 80 to 90 nm in size described in rainbow trout (Pilcher & Fryer 1980) had some similarities to an erythrocytic virus described in coho salmon (Hedrick et al. 1990) and to virus particles observed in blood cells of Atlantic salmon with the infectious anaemia syndrome (Hovland et al. 1994 , Nylund et al. 1995 . In Spain, a viral erythrocytic infection in Mediterranean sea bass Dicentrarchus labrax caused by an enveloped RNA virus with reverse transcriptase activity has recently been described (Pinto et al. 1989 (Pinto et al. , 1991 . These erythrocytic viruses can be transmitted by injection of blood extracts but, to our knowledge, all attempts to isolate these viruses in cell cultures have failed.
Very recently, an RNA enveloped virus associated with mortalities in cultured turbot Scophthalmus maximus (L.) has been isolated and identified tentatively as b) . In thls paper w e report that this virus causes a viral erythrocytic infection in those cultured turbot. Additional in vivo and in vitro experimental infections to investigate the morphologic events and replication occurring after viral infection of turbot erythrocytes are also reported.
MATERIALS AND METHODS
Source of naturally infected fish. Cultured turbot (50 to 500 g) from 3 different locations in Galicia (NW C n a i n ) were s~h m i t t~d to oi~r!;lhoratory fnr histnpathodr--** logical and microbiological studies.
Microbiological analysis. Bacteriological and virological studies were carried out following standard procedures (Thoesen 1994) . Samples of spleen, liver, kidney and brain were cultured for viruses on the carp cell line epithelioma papillosum cyprini (EPC) grown in Eagles minimum essential medium supplemented with 5 % foetal calf serum (EMEM-S), 100 IU penicillin and 100 pg streptomycin ml-' (P/S). For bacteriology, samples of the same tissues were plated simultaneously on tryptic soy agar (TSA) with 1.5 % of NaCl added, and on thiosulfate citrate bile saccharose (TCBS).
Blood smears. After fish were anaesthetized in MS-222 (Sigma), blood was collected from the caudal vein in heparinized tubes. Blood smears were air dried, fixed in methanol and stained with May-GriinwaldGiemsa (M-G).
Virus propagation. Isolated viruses used in all experiments were propagated in the EPC fish cell line cultured in EMEM-5 with P/S as described above. The cells were grown in 25 cm2 flasks at 15°C. When the cytopathic effect became extensive, culture fluids were removed from the flask and centrifuged at 2500 X g for 10 min at 4°C to remove cell debris. Supernatants were collected and stored at -80°C until use. Virus titrations were conducted in 96 well m~croplates containing EPC cell monolayers and the TCID,, calculated by the method of Reed & Muench (1938) . In addition, infected EPC cell monolayers were dislodged by scraping and processed for transmission electron microscopy (TEM).
Electron microscopy. Blood cells and infected EPC cells examined by TEM were washed twice in phosphate buffered saline and centrifuged. The pellets were fixed in 2 % glutaraldehyde in 0.1 M phosphate buffer and postfixed In 1 % osmium tetroxide in the same buffer, dehydrated and embedded in Spurr's resin. Ultrathin sections stained in uranyl acetate and lead citrate were examined at 80 kV with a Philips CM12 electron microscope equipped with a goniometer Virus suspensions obtained from EPC cell cultures were negative stained using a 2 % solution of phosphotungstic acid adjusted to pH 6.8 with NaOH. A drop of the staining solution was mixed with a drop of viral suspension on formvar coated gnds. After 1 min, the drop was blotted with filter paper and the sample examined by TEM.
Experimentally induced infection. Thirty turbot (10 to 20 g) found to be free of eythrocytic virus, based on the study of blood smears stained with M-G, were used for experimental infections. Fish were maintained in seawater tanks at a temperature of 14 to 15OC and fed daily with commercial dry pellets throughout the experiment.
Twenty fish each received an intraperitoneal injection of tissue culture medium containing aproximately 105 TCIDSo of the viral isolate. Ten control fish were injected with an equivalent volume of sterile saline. Between 2 and 3 wk later, the blood of infected and control fish were examined virologically and by light and electron microscopy.
Viral inoculation of a n erythrocyte suspension. Blood was collected aseptically from healthy turbot following the procedure described above. After centrifugation at 400 X g for 5 rnin, erythrocytes were resuspended in Leibovitz' medium (L-15, Gibco) containing 5 % FBS and P/S. The erythrocyte suspension was adjusted to 106 erythrocytes ml-' using a haemocytometer. An aliquot of 500 p1 of this suspension was added to each well of a 24 well tissue culture plate, cooled to 4 or to O°C in a cold chamber for 30 rnin then inoculated with the virus at a dose of approximately 100 infective units erythrocyte-'. Inoculate erythrocyte suspensions were kept for 30 min in the cold chamber with slow agitation, then warmed to lS°C and incubated for 0, 1, 3, 5, 10 min, 1, 3, 8 h, 1, 2, 3, 4, 5, 6 and 7 d at this temperature. After incubation, the erythrocytes were processed for observation with light and electron microscopy and for viral examination following the procedures described above. The same amount of virus-free medium was added to the erythrocytes used as controls. When cultures were kept for longer than 2 d, 300 p1 of the culture medium was removed and the same amount of fresh medium added.
In vitro replication in cultured turbot erythrocytes. A suspension of 10 m1 of turbot erythrocytes (10' cells ml-') in L-15 medium with 10% FBS and P/S (L-15/10/Ab) was obtained as described above. A volume of 8 m1 of erythrocyte suspension was transferred to a new tube and inoculated with 1.3 m1 of crude virus (5.6 X 107 TCID,, ml-l). After a 30 rnin adsorption period at room temperature, erythrocytes were pelleted by centrifugation and the supernatant totally recovered and maintained at -20°C for further titration of non-adsorbed virus. The cells were washed 3 Six wells of the plate were covered with the same volume of non-inoculated erythrocytes, and used as controls. At different t~m e s (0, 1, 2 , 3, 4, 5, 6, ?, 8, 9, 10, 24, 36, 48, 60, 72, 84, 96 and 108 h) the contents of the wells were totally recovered, centrifuged at 400 X g for 5 min in a microcentrifuge (Eppendorf), and the supernatant transferred to new tubes maintained at -20°C until titration of extracellular virus. Pelleted cells were resuspended in 300 p1 distilled water, subjected to 2 freezing-thawing cycles, and maintained at -20°C until titration of intracellular virus. This assay was carried out in triplicate. At the end of the experiment, control erythrocytes were processed as described, and titration performed to rule out natural viral infection. Titration of virus was carried out according to the method of Reed & Muench (1938) , using 96 well plates of confluent EPC cells, and expressed as TCIDSo ml-l.
RESULTS

Examination of naturally
Naturally infected turbot had head, mouth and fins as well as exophthalmia. Additional signs were pale gills and liver but no haemorrhages were observed in the internal organs. Mortality cles measured between 80 and 110 nm. Virus particles observed in affected fish was about 10% and morbidappeared to be assembled at the cell membrane folity reached values up to 50 %.
lowed by release from the erythrocyte by budding The microbiological analysis revealed the presence (Figs. 3 & 4a) . Sometimes, one or more virus-like partiin all stocks of affected turbot of a single-stranded RNA cles appeared to be released from the same bud. enveloped virus with a capsid containing between 6
Infected erythrocytes showed small cytoplasmic areas and 10 proteins (Cepeda et al. 1993b ). In addition, this of higher electron-density showing membranous-like virus proved to be pathogenic for fingerling turbot with structures ( Fig. 5) . a LD,, of 10J TCIDjcr ml-' (Cepeda et al. 1993a) .
Microscopic examination of blood smears revealed 1 to 3 inclusions in the cytoplasm of erythrocytes of all affected fish (Fig. 1) . These inclusions were light blue in colour and ranged in size from 0.3 to 1 pm In diameIn the EPC cultures, a clear cytopathic effect was ter, although the majority were smaller than 0.5 pm.
detected between 6 to 15 d postinfection (Fig. 6 ). Infected turbot had between 10 and 60% of their eryRounding of infected cells followed by cell aggregation throcytes affected. However, due to the difficulty in was observed between 3 to 6 d, and cell lysis occurred observing these inclusions, the percentage of affected from 6 d postinfection. Electron rnicroscopy performed cells was probably higher.
on EPC cell cultures at 6 d postinfection showed the Examination of blood cells by TEM showed oval to presence of numerous virus-like particles in cytoplasspherical virus-like particles located free or within mic vacuoles or at the cell membrane, apparently double membraned vacuoles in the erythrocyte cytobeing released by budding (Figs. 7 & 8) . The morpholplasm, at the cell membrane or extracellularly ( 
Experimentally infected turbot
Some fish infected experimentally with the isolated virus showed small petechiae in the fins and mouth 1 wk after inoculation. In the second week these petechiae became more evident, affecting the majority of the fish, and in the third week all fish developed haemorrhages in the mouth and fins, had pale gills and liver, and became moribund. The histopathology displayed by the fish infected experimentally was similar to that showed by naturally infected turbot (Lamas et al. 1995) . Virus were recovered from spleen, kidney, liver and brain of all clinically diseased turbot and appeared to be the same virus which had been Inoculated based on CPE. The viral titres ranged from 10' to 10' TCID50 g-' of tissue. At 3 wk the prevalence of infection was 100% with 10 to 30% of erythrocytes showing cytoplasmic inclusions.
Turbot used as controls remained normal. Virus was not isolated from these fish and inclusions or virus particles were not observed in the circulating erythrocytes.
Study of erythrocyte cultures lvlorphology of control erythrocytes
The erythrocytes used as a control showed an apparently normal morphology thro.ughout the experiment, although a very small number became pycnotic. The organelles observed in the cytoplasm of turbot erythrocytes were variable and probably related to the state of cell maturation. Therefore, circulating erythrocytes showed a variable degree of maturation. Some cells, probably the most immature, had a few mitochondria abundant ribosomes and polyribosomes as well as occasional cisterns of endoplasmic reticulum or reduced Golgi apparatus. Vesicles ranging in size from 50 to 300 nm in diameter were also common. In the most mature cells these organelles were absent and only a few scattered ribosomes were observed. Virus-like particles budding from a EPC cell 6 d postinfection TEM. Scale bar = 100 nrn. Fig. 9 . (a) Viruslike particle (arrow) penetrating in the erythrocyte, 5 min postinfection. (b) Virus-like particle within a c y t o p l a s m i c~o l e (arrow) at 3 min postinfection. TEM; scale bars = 100 nm. Fig. 10 . V~rus-like particles (arrows) being released from the erythrocyte at 6 d postinfection. Note the presence of high electron-dense areas in the cytoplasm of the erythrocyte (arrowheads). The density is higher in the large viral buds. Scale bar = 300 nm suspensions were preincubated with the virus at 4OC, but no internal virus-like particles were observed at this time in cells preincubated with the virus at O°C. After incubation for 5 min at 15OC, virus-like particles were observed adsorbed to the cell membrane or within small cytoplasmic vesicles near the erythrocyte surface (Fig. 9) . Usually only 1 virus particle was present in each vesicle. With longer incubations, vesicles were larger and contained more virus. After 1 h incubation, virus-like particles were also visible in larger smoothsurfaced vacuoles which may be endosomes. Virus-like particles were often bound to the vacuolar membrane and sometimes the viral envelope seemed to fuse with the vacuolar membrane. In addition, some virus-like particles seemed to be undergoing uncoating inside the vacuoles. After 2 to 3 d , occasional eythrocytes showed irregular morphology with numerous large external cytoplasmic buds; after 6 d many more erythrocytes displayed this irregular shape. These erythrocytes showed electron-dense cytoplasmic areas which were especially evident in the cytoplasmic buds (Fig. 10) . Virus-like particles, highly variable in size, were released by budding from these buds or from adjacent areas (Fig. 10) . The cell nucleus was usually unaffected.
In vjtro replication in turbot erythrocytes Viral titres of inoculum and non-adsorbed virus are shown in Table 1 . The difference between total viral titres of inoculated and non-adsorbed virus (2.1 X 107 TCID5") corresponds to the quantity of adsorbed virus. Thus, the quantity of virus obtained at time zero of the in vitro replication experiment should be 3.7 X 10' TCID5, well-' However, the total viral titre a t time zero was 2.13 X 104 TCIDSO well-'. The difference could be due to non-adsorbed erythrocyte-associated virus being washed out after the adsorption period.
The results obtained in the replication experiment (expressed as average values from 3 separate wells) are presented in Fig. 11 As shown, the intracellular titre remained relatively constant throughout the experiment, with an average value of 3.696 i 0.394. However, extracellular virus showed a clear increase The rapid development of turbot culture in recent years has resulted in the frequent appearance of new bacterial and viral diseases. Currently, the viruses described in turbot have been identified as members of the Picornavirus, Birnavirus, Reovirus, Rhabdovirus and presumptive Paramyxovirus groups (Toranzo e t al. 1994) . Although the incidence of the viral erythrocytic infection in turbot farms in Galicia is still under study, it seems to b e of considerable importance. In addition to the 3 affected fish farms cited in the present paper, new cases have recently been discovered causing large mortalities in cultured turbot.
The overall findings reported in this study clearly demonstrated that the virus-like particles observed in the erythrocytes of naturally infected turbot and the virus isolated in the EPC cell line (Cepeda e t al. 199313) from the internal organs of the same fish were the same virus. We have found fish erythrocytes especially valuable for the in vitrostudy of erythrocytic viruses.
Erythrocytes can b e maintained in culture for a t least 7 d without apparent morphological alterations, except for the loss of occasional erythrocytes which were probably senescent. (Hardig 1978 , Murad & Houston 1992 . As shown in previous studies the maturation of erythrocytes can be estimated by the number of cytoplasmic organelles which decrease with age, the adult erythrocyte being devoid of mitochondria and polyribosomes (Lane et al. 1982) . Lane et al. (1982) , using a velocity sedimentation gradient at unit gravity, showed that 28 % of circulating rainbow trout erythrocytes contained cytoplasmic organelles. Our ultrastructural studies indicated that turbot virus mainly penetrates immature erythrocytes. However, electron microscopy did not allow the assessment of the percentage of immature versus infected erythrocytes with any degree of certainty. Virus-like particles appear to be adsorbed and endocytosed as the principal way of penetration of the virus into the erythrocyte. In the early stages of infection ( < 5 min) virus-like particles were observed in small vesicles, suggesting that entry was very rapid. The absence of intracellular virus particles after preincubation for 30 min at 0°C may be due to low temperatures, which are very effective inhibitors of endocytosis (Steinman et al. 1983 ). The entry occurred, however, at 4°C suggesting that this process does not require or requires very low metabolic activity. Whether the process of endocytosis is receptor mediated is still unknown.
The greater presence of virus in immature erythrocytes may be related to a higher level of endocytic activity observed in these cells, in contrast to more mature erythrocytes. On the other hand, the entrance of virus particles into immature erythrocytes may favor virus replication by use of cell organelles like ribosomes. In later stages, virus particles were also observed in intracellular vacuoles. Whether these vacuoles are endosomes or lysosomes is still unknown. The envelope of viral particles apparently fused wlth the endosome membrane suggesting that the uncoating process occurs at this level. The presence of high electron-dense areas located in the cytoplasm of infected erythrocytes may be related to accumules of viral components. Finally, the envelope of the virus appeared to be assembled at the cell-surface membrane, where the virus is released by budding. When release is in progress, large buds appeared on the surface of the cells which seemed to become segmented into smaller units of variable sizes. At this level, virus particles were pleomorphic, probably as a consequence of the conformation of the nucleocapsid and of the flexibility of the envelope. However, extracellular virus particles tended to be ovoid or spherical, which is probably the more stable conformation.
The results obtained in the replication experiments indicate that the virus-like particles are capable of replicating within the erythrocytes confirming the results of TEM. The intracellular viral titre remained constant for a period of 5 d after erythrocyte infection.
However, the extracellular viral titre increased with time reaching a maximun at between 36 and 60 h postinfection. These results seem to indicate that the virus needs to be released extracellularly to be infective, which is probably a consequence of the fact that budding is necessary for maturation as this is an enveloped virus.
The size and characteristics of the virus described in this study are clearly different from those associated with other fish erythrocytic infections such as VEN and EIBS. The particles described here were characterized as an RNA virus (Cepeda et al. 1993b ), similar to that described by Pinto et al. (1991) in sea bass and to the virus described by Hedrick et al. (1990) in coho salmon, as well as to that described in infectious salmon anaemia (Hovland et al. 1994 , Nylund et al. 1995 . However, unlike those viruses the turbot virus had a wider variation of sizes. Also, the previous authors did not observe budding of virus particles in the extracellular medium, w~t h the exception of the virus which caused infectious salmon anaemia, and they were unable to culture the viruses using salmonid cell lines.
The erythrocytic virus caused moderate anaemia in sea bass (Pinto & Alvarez-Pellitero 1993) and the infectious salmon anaemia virus caused intense anaemia in salmon (Thorud & Djupvik 1988) . Some of the naturally infected turbot showed an intense erythroblastosis in the blood but, in contrast, the haematocrit values were not much different from those in healthy turbot (Lamas et al. 1995) . Unlike the infectious salmon anaemia virus, whose primary target cell seems to be the vascular endothelium, the turbot virus seems to infect mainly erythrocytes.
Although the virus described in this study was identified presumptively as a paramyxovirus (Cepeda et al. 1993a, b) , this virus probably belongs to another virus family. It resembles paramyxoviruses in the presence of spikes, the assembly of the virus envelope at the level of the cell membrane and the pleomorphism. However, it differs from conventional paramyxoviruses in size and in the way it penetrates the host cell. Paramyxoviruses penetrate by fusion of their envelopes with the plasma membrane and have a size of 150 to 300 nm in diameter (Ginsberg 1988) . In addition, we have recently found that this viral agent is inhibited by Actinomycin-D, but not by trypsin treatment and lacks haemagglutinating capacity against fish and mammalian erythrocytes (Cepeda 1994) . Unfortunately, we are having many difficulties with the extraction of the nucleic acid from the virus. This is one reason we cannot not group this agent. However, these
